Post-transcriptional regulatory mechanisms have emerged as a critical component underlying the diversification and spatiotemporal control of the proteome during the establishment of precise neuronal connectivity. These mechanisms have been shown to be important for virtually all stages of assembling a neural network, from neurite guidance, branching, and growth to synapse morphogenesis and function. From the moment a gene is transcribed, it undergoes a series of post-transcriptional regulatory modifications in the nucleus and cytoplasm until its final deployment as a functional protein. Initially, a message is subjected to extensive structural regulation through alternative splicing, which is capable of greatly expanding the protein repertoire by generating, in some cases, thousands of functionally distinct isoforms from a single gene locus. Then, RNA packaging into neuronal transport granules and recognition by RNA-binding proteins and/or microRNAs is capable of restricting protein synthesis to selective locations and under specific input conditions. This ability of the posttranscriptional apparatus to expand the informational content of a cell and control the deployment of proteins in both spatial and temporal dimensions is a feature well adapted for the extreme morphological properties of neural cells. In this review, we describe recent advances in understanding how post-transcriptional regulatory mechanisms refine the proteomic complexity required for the assembly of intricate and specific neural networks.
The formation of accurate neuronal connectivity during nervous system development is essential for higher-order cognitive and motor behaviors. Neurons face the monumental task of guiding axons and dendrites to their target locations and then triggering proper and specific synapse formation. Best illustrating this challenge is the human brain, composed of 10 12 neurons that develop ;10 15 connections (Williams and Herrup 1988) . For this daunting level of complexity to arise, Roger Sperry proposed in the mid-20th century (Sperry 1963 ) that neural projections must possess chemical ''tags'' to specifically guide neurites (i.e., axons or dendrites) to their final destinations and promote synapse differentiation, morphogenesis, and function. This suggested the requirement for possibly billions of chemically distinct neuronal branches and synaptic sites. However, given that our genome is composed of only 3 3 10 4 genes, this implies that amplification of genomic information must be responsible for this staggering intricacy. Interestingly, studies of axonal guidance and synaptogenesis have revealed that a shared and relatively small number of signaling factors and pathways such as Netrins, Ephrins, Wnts, and BMPs are involved in this developmental continuum of establishing neuronal connectivity (Karlstrom et al. 1997; Garbe and Bashaw 2004; Keshishian and Kim 2004; Speese and Budnik 2007; Manitt et al. 2009 ). Thus, one can argue that, from a molecular perspective, connectivity is governed by a central toolkit that is limited in size. This toolkit is deployed through cell type-specific transcriptional codes and combinations of signaling factors. While graded and combinatorial expression of multiple cues or receptors can increase the capabilities of this limited repertoire (Flanagan and Vanderhaeghen 1998; Flanagan 2006) , emerging studies reveal that nature has also expanded the information content in both spatial and temporal dimensions by introducing layers of regulation between the primary transcript and its expression as functional protein.
Proteome diversification through post-transcriptional regulation
The elaboration of complex neuronal morphologies requires precise orchestration of protein deployment in different cellular compartments and developmental stages. Given that, in some neurons, the distance between soma and terminal neuritic structures can be on the order of meters, growth cones and synapses have evolved mechanisms to respond rapidly to local stimuli by selectively placing mRNA at sites of action (Fig. 1) . This allows translation to occur independently of the cell body at the right place and time. The underlying mechanisms governing this process involve the packaging of mRNA into ribonucleoprotein (RNP) transport granules in the nucleus that are later exported to the cytosol and delivered selectively to distal sites of the neuron in a microtubule-kinesin-dependent fashion ( Fig. 1 ; Kiebler and Bassell 2006) . During transport, mRNA translation is reversibly inhibited by RNA-binding proteins (RBPs) and/ or miRNAs through the specific recognition of sequences in the mRNA untranslated regions (UTRs). Both RBP-and miRNA-mediated translational repression have emerged as important post-transcriptional mechanisms able to modulate protein levels with spatial and temporal specificity during the patterning and growth of neuronal connections (Ule and Darnell 2006; Schratt 2009) .
In this review, we discuss how AS, RNA transport, and miRNA are used by the nervous system to add functional versatility to a compact collection of molecules to assemble complex neural networks. While the scope of this review is not exhaustive, we highlight a few recent examples for each process to illustrate our current understanding of the underlying mechanisms.
AS
The majority of eukaryotic genes are composed of multiple coding sequences (exons) separated by noncoding regions (introns). Following transcription, exons of premRNAs are spliced together to form a mature mRNA transcript ( Fig. 2A) . During nervous system development, pre-mRNA AS dramatically expands proteome diversity by specifically selecting the inclusion or exclusion of exons in a given mRNA ( Fig. 2A ; Lipscombe 2005; Li et al. 2007) ; for a general review on splicing, see Nilsen and Graveley (2010) . Recent studies using exon-exon junction (Johnson et al. 2003 ) and whole-genome exon arrays (Clark et al. 2007 ), or high-throughput sequencing (Wang et al. 2008) show that ;74%-94% of human multiexon genes are alternatively spliced, underscoring the role AS plays in expanding the molecular database of the cell. Moreover, of the transcripts expressed during nervous system development, 28% demonstrate tissue-specific AS (Johnson et al. 2009 ).
AS regulates neural patterning and specificity
A quintessential example of the potential AS has to diversify the molecular identity of a cell and mediate neural wiring comes from studies of the Drosophila Dscam1 (Down Syndrom cell adhesion molecule) locus (Zipursky et al. 2006; Hattori et al. 2008; Schmucker and Chen 2009 ). Dscam1 AS has the potential to generate 19,008 isoforms with distinct ectodomain structures that exhibit exquisite homophilic binding specificity (Fig. 2B ). This diversity is found to mediate homophilic interbranch repulsion and be critical for the organization of the nervous system (Schmucker et al. 2000; Zhan et al. 2004; Hattori et al. 2007 ). In a recent study, generation of fly mutants through homologous recombination that harbor 12, 24, 576, 1572, and 4752 potential Dscam1 isoforms showed that expression of thousands of Dscam1 variants are necessary for self-repulsion of sister branches and appropriate neuronal patterning in three distinct neuron classes ( Fig. 2C-E ; Hattori et al. 2009 ). Figure 1 . Complexity of neuronal morphology and post-transcriptional regulation. Typical neuron illustrating four gross neuronal anatomical segments: cell body/soma, axonal shaft, dendritic arbor, and growth cone. Inset shows a synapse, with presynaptic and post-synaptic terminals. The post-transcriptional mechanisms highlighted here are AS, RNA transport, and miRNA silencing. AS occurs in the nucleus of the cell body, and is important for generating protein isoforms. Following splicing and mRNA maturation, the transcript can be packaged into transport RNPs, repressed by RBPs and/or miRNAs, delivered to distal sites of the neuron, and locally translated in response to stimulus. Moreover, miRNAs are involved in finely regulating protein levels throughout the cell.
Although the role of AS in Dscam function is not conserved in vertebrates, AS of two other adhesion molecules-neurexins (NRX) and neuroligins (NLs)-is important for mammalian pre-and post-synaptic differentiation of excitatory or inhibitory synapses (Craig and Kang 2007) . NRXs are presynaptically expressed adhesion proteins with the potential to generate ;1000 isoforms from two alternative promoters and five alternative splice sites (termed S1-4). Its post-synaptic partner NL (NL1 and NL2) can also undergo extensive AS. NRXs and NLs display selective heterophilic adhesion and distinct capacities to induce excitatory and inhibitory synapse differentiation (Craig and Kang 2007) . Overexpression studies in cultured hippocampal neurons have shown that isoforms NL1B and NL1AB specifically bind the NRXb4(À) variant to selectively induce glutamatergic synapse formation. On the other hand, isoforms NL1A and NL2A bind NRX1a4(À) and NRX1b4(+) to trigger GABAergic synapse differentiation (Boucard et al. 2005; Chih et al. 2006) . A comprehensive study of all NL and NRX isoform-specific interactions may reveal further ASdependent selectivity of other types of synapse differentiation. Moreover, the mechanism by which specific variants are recruited to distinct synapses during differentiation remains unknown.
An example of the role AS plays in guiding neuronal projections can be seen at the vertebrate midline, where crossing of axons to achieve coordination of the two sides of the body is tightly regulated by highly conserved guidance factors, like the repellent Slit (Dickson 2002 ).
Analysis of Robo3, a homolog of the Roundabout (Robo) family of chemoreceptors known to bind Slits, is found to be important for initial axonal crossing and subsequent prevention from recrossing the ventral midline during chick nervous system development (Chen et al. 2008) . In this recent study, the alternative intron retention of Robo3 pre-mRNA generates two isoforms: Robo3.1 and Robo 3.2. First, Robo3.1 is expressed differentially on the proximal side (ipsilateral) of commissural axons, where it prevents premature midline repulsion by antagonizing Robo1 and Robo2 sensitivity to Slit signaling prior to crossing. Then, Robo3.2 promotes midline repulsion once the growth cone is on the distal (contralateral) side (Fig.  2F ). The mechanism involved in the differential expression of the Robo3 isoforms is still unknown. However, it is unlikely that a transcriptional clock is involved in the distinct temporal and spatial expression of Robo3 variants, since RT-PCR analysis suggests both are expressed continuously throughout this developmental time frame. Hence, regulation could entail mRNA transport and local translation, or post-translational control involving the selective trafficking (or degradation) of Robo3 isoforms from proximal and distal segments of the axon (Black and Zipursky 2008; Chen et al. 2008 ).
While the examples described above highlight the importance of alternatively spliced messages in neuronal connectivity, the role that regulation of AS plays in this process remains somewhat unknown. In the nervous system, developmental splicing patterns are regulated by a diverse array of RBPs such as Tra2b, the neuronal Following transcription, the splicesome and splicing factors mediate intron removal from pre-mRNA to create a mature mRNA transcript. AS is a mechanism by which exons are included or excluded from the mRNA (1,2), thereby creating isoforms (also called variants) of distinct protein structures. In some instances, AS may result in differential intron retention (3*), such as in the case of Robo3 (Chen et al. 2008) , which generates a premature stop codon that vastly changes the C-terminal of the encoded gene. polypyrimidine tract-binding protein (nPTB), embryonic lethal-abnormal vision (ELAV), Feminizing gene on X (FOX), and neuron-oncological ventral proteins (Nova), among others (Li et al. 2007 ). These neuronal regulators of AS have been shown to modulate the AS patterns of neurotransmitter receptors, ion channels, post-synaptic density components, and neuronal signaling molecules (Li et aL. 2007 ). For example, in a recent study, it was shown that Nova, a neuron-specific regulator of AS, is critical for neuromuscular junction (NMJ) formation and physiology by mediating the AS of agrin (Ruggiu et al. 2009 ), a nerve-derived differentiating factor in mammalian NMJs involved in acetylcholine receptor (AChR) clustering (Sanes et al. 1998 ). Nova1 and Nova2 knockout (NovaKO) mice are paralyzed and display abnormal AChR clustering and synaptic transmission. Interestingly, even though this study demonstrated that the generation of the neuron-specific agrin isoform Z(+), by Nova1/2, is essential for AChR assembly and synaptic excitability, NovaKO mice expressing agrin Z(+) continue to be paralyzed. This suggests that there is an agrin (Z+)-independent regulation of motor neuron function by Nova (Ruggiu et al. 2009 ). Given the current understanding of regulators of AS, it would be interesting to investigate the splicing factors and mechanisms involved in the AS of Dscam1 and Robo3, as well as NRXs and NLs.
mRNA transport and local translation
In a classical view of the central dogma, mRNA is exported to the cytosol, then it is translated by polyribosomes in the cell body, and de novo proteins are transported to its respective sites of action. During nervous system development, growth cones and synapses need to rapidly change their molecular profiles in order to respond locally to a dynamic extracellular environment, and in turn make decisions regarding their navigation, morphology, and function-often on the order of minutes (Campbell and Holt 2001; Piper et al. 2006; Sutton and Schuman 2006) . Several molecular models could account for this cellular response: (1) Input at distal neuritic sites (i.e., growth cones or synapses) could involve the induction of a feedback mechanism to the soma that leads to transcription and translation, then selective protein delivery to the initial site of input, such as in the case of synaptic ''tagging'' in rat hippocampal and Aplysia sensory neurons (Martin and Kosik 2002) . (2) The factors needed for circuit assembly could be expressed constitutively and present in a reversibly inactive state throughout the cell, and could be activated through post-translational modifications such as phosphorylation (Lisman and Zhabotinsky 2001) . (3) mRNA could be delivered selectively to subcellular sites of action in neurites, in a reversibly inhibited state, and triggered to locally synthesize protein upon induction. In principal, induction of transcriptional changes (model 1) is responsible for longterm stabilizing effects, while reversible local protein activation (model 2) as well as mRNA transport and local translation (model 3) are likely involved in a more immediate response to neighboring external stimuli. An added advantage to subcellular mRNA localization and translation is that one transcript can promote several rounds of translation, alleviating the energy cost of shuttling proteins independently (Jansen 2001; Martin and Ephrussi 2009) . Furthermore, local translation has the benefit of being initially devoid of post-translational modifications that may alter protein function and/or stability. For example, actin polymerization at the growth cone and synapse is crucial for its response to extracellular stimuli (Okamoto et al. 2004; Leung et al. 2006) . Hence, modifications to b-actin such as argynilation and glutathionylation could possibly affect its polymerization dynamics, thereby requiring a naïve pool of actin to promote localized filament formation (Wang et al. 2001; Karakozova et al. 2006; Lin and Holt 2007) . Interestingly, in a recent study using high-resolution hybridization techniques, it was found that 71% of the mRNAs expressed during Drosophila embryogenesis have distinct subcellular localization (Lé cuyer et al. 2007) . Similarly, microarray analysis of RNA isolated from hippocampal processes identified a large number of mRNAs encoding components of the translational machinery, cytoskeleton, cell adhesion, and post-synaptic apparatus (Poon et al. 2006; Zhong et al. 2006) . These studies suggest that, while different molecular models might be involved at different temporal stages of neuronal connectivity, mRNA delivery and local translation likely play a prominent role in network assembly.
To date, our understanding of the mechanisms underlying mRNA localization and function comes from studies of three types of RNA granules: neuronal transport RNPs, processing bodies (P-bodies), and stress granules (Kiebler and Bassell 2006; Bramham et al. 2007 ). Neuronal transport RNPs are the main vehicle involved in mRNA translocation during neural development, while P-bodies and stress granules mediate translational repression, degradation, and/or storage of mRNA under different physiological conditions. The best-studied molecules present in the neuronal transport RNPs are the zipcode-binding protein 1 (ZBP1), fragile X mental retardation protein (FMRP), cytoplasmic polyadenylation element-binding protein (CPEB), staufen, survival of motor neuron (SMN), hnRNPA2, and purine-rich elementbinding protein-a (Pura) (Kiebler and Bassell 2006) .
ZBPs
ZBP1 is an RBP identified for its ability to recognize the ''zipcode,'' a cis-acting element in the b-actin 39UTR necessary for delivery of b-actin mRNA at the leading edge of fibroblasts (Ross et al. 1997) . Studies in chick neurons first revealed that ZBP1 also promotes b-actin localization at developing growth cones, and its activity is important for neurotrophin-induced neurite outgrowth (HL Zhang et al. 2001) . Work in Xenopus neurons later described that ZBP1 mediates the asymmetrical localization and translation of b-actin in growth cones after exposure to gradients of Netrin-1 and BDNF ( Fig. 3A ; Leung et al. 2006; Yao et al. 2006) . Interestingly, brain-derived neurotrophic factor (BDNF) was able to asymmetrically activate Src (Yao et al. 2006) , a kinase shown to phosphorylate ZBP1 and promote local b-actin translation and neurite outgrowth (Huttelmaier et al. 2005) . This indicates that ZBP1-containing neuronal transport RNPs are not only involved in transport, but also the reversible translational repression of their cargo mRNAs. Apart from its role in axonal guidance, ZBP1 localizes to dendritic spines of hippocampal neurons and regulates synapse density and structure through the localization, and possibly local translation, of b-actin (Eom et al. 2003; Tiruchinapalli et al. 2003) . ZBP1 also has been shown to bind the mRNA of cofilin, an actin-depolymerizing factor, and mediate Slit2-induced local translation during growth cone collapse ( Fig. 3A ; Piper et al. 2006) . It is likely that ZBP1 functionally transports transcripts other then b-actin and cofilin. Therefore, it would be interesting to identify other potential targets of ZBP1 during nervous system development.
FMRP
Mutations in the FMR1 gene result in Fragile X syndrome (FXS), a leading form of heritable mental retardation. FMR1 encodes the FMRP, an RBP containing two hnRNP-K homology domains and an arginine-glycineglycine box (RGG) (Bassell and Warren 2008) . In neurons, FMRP localizes to axons and dendrites (Antar et al. 2006) , and has been found to selectively transport the mRNA of cytoskeletal, synaptic, and translational regulatory components to distal axonal and synaptic sites (Bassell and Warren 2008) . In Drosophila and mouse models for FXS, it has been shown that FMRP is critical for proper synaptic morphogenesis (Nimchinsky et al. 2001; Pan et al. 2004 ). FMR1 knockout mice exhibit striking defects in dendritic spine morphogenesis, characterized by denser, thinner, and longer post-synaptic spines (Bassell and Warren 2008) . In a recent study, it was shown that mRNA transport by FMRP is important for developmental morphologic plasticity (Dictenberg et al. 2008) . In this context, regulation of synapse formation involves FMRPmediated mRNA delivery to dendrites, and translational repression of cytoskeletal and signaling components such as map1b, profilin, and camkII ( Fig. 3B ; YQ Zhang et al. 2001; Reeve et al. 2005; Dictenberg et al. 2008 ). In addition to its role in the development of synaptic contacts, recent studies also implicate FMRP in axonal motility and guidance (Antar et al. 2006; Li et al. 2009 ). It was found that FMR1 knockout neurons are not responsive to the protein synthesis-dependent induction of growth cone collapse by the guidance cue Semaphorin-3A (Sema3A). Also, Sema3A-induced translation of MAP1B in distal axons was severely reduced in FMR1 mutant animals (Li et al. 2009 ), suggesting that FMRP regulates either the delivery of the message or its local translation.
Staufen
Staufen encodes a highly conserved dsRNA-binding protein. In Drosphila, Staufen is best known for selectively localizing bicoid and oskar mRNA in oocytes and prospero mRNA in embryonic neuroblasts. Vertebrates express two isoforms: Staufen1 and Staufen2 (Stau1 and Stau2) (St Johnston 2005) . Both Stau isoforms localize to dendritic sites in hippocampal neurons (Kiebler et al. 1999; Tang et al. 2001) and are implicated in translational control at distal synaptic sites. More recently, two independent studies looking at Stau1 and Stau2-depleted hippocampal neurons found severe deficits in dendritic spine morphology, size, and density (Goetze et al. 2006; Vessey et al. 2008) . Depletion of Stau1 and Stau2 was found to significantly reduce both b-actin mRNAcontaining RNPs and b-actin mRNA at dendritic sites, suggesting Staufen regulates the dendritic cytoskeleton. Given that local increase in filamentous acting (F-actin) is required for activity-induced dendritic spine enlargement and potentiation (Okamoto et al. 2004; Honkura et al. 2008) , it would be interesting to determine whether Staufen-mediated delivery of b-actin mRNA is involved in this process. In addition to its late function at the synapse, Staufen may also play a role at earlier stages during neuritic guidance. Given that it is found to be present in axonal processes and colocalizes with RhoA mRNA at the growth cone (Wu et al. 2005) , an intriguing possibility might be that Staufen regulates the delivery and/or local translation of RhoA mRNA during Sema3A-induced growth cone collapse.
CPEB
CPEB is an RBP involved in the delivery and activitydependent translation of mRNA at axonal and dendritic sites. Drosphila has two paralogs of CPEB (orb and orb2), while vertebrates usually express four (CPEB1-4) (Richter and Klann 2009 and chemorepulsive (Slit-1) cues. ZBP1 regulates the delivery and local translation of b-Actin and cofilin mRNA during guidance cue-induced growth cone extension or collapse Piper et al. 2006; Yao et al. 2006) . (B) Schematic of a dendritic spine representing the role of FMRP in synapse morphogenesis. FMRP is involved in the kinesin-dependent transport of mRNA to synaptic sites (1). Activation of metabotropic glutamate receptors (mGluRs) derepresses the FMRP mRNA cargo (2), induces local translation (3), and promotes dendritic spine growth (4) (Dictenberg et al. 2008 ).
CPEB1 (also called CPEB) occurs through the translational inhibition of mRNA containing the CPE sequence. This translational repression is relieved once CPEB is phosphorylated by Aurora kinase or CaMKII (Ule and Darnell 2006) . The first evidence that CPEB is involved in patterning the nervous system comes from studies of commissural axons in chick spinal chords. In this study, CPEB was shown to be present at the growth cone and implicated in mediating the localized translation of the guidance receptor EphA2 following axonal midline crossing (Brittis et al. 2002) .
More recently, CPEB has been shown to also be critical for regulating synaptic morphogenesis. Using mutants that interfered with CPEB-mediated mRNA transport and protein synthesis, or phosphorylation by Aurora kinase and CamKII, researchers found that CPEB is crucial for dendritic growth in Xenopus tectal neuron denrites (Bestman and Cline 2008) , as well as dendritic spine size and density in purkinje cells (Mcevoy et al. 2007 ). While much is known about the importance of CPEB in the regulation of neuronal circuitry, few functional targets have been identified. Interestingly, neuronspecific actin of Aplysia has been shown to contain CPEs in its 39UTR and not only colocalize with CPEB, but also become polyadenylated in an activity-dependent fashion (Liu and Schwartz 2003) . Considering the function of neuronal transport RNPs reviewed here, perhaps regulation of the delivery and deployment of the neuronal cytoskeleton represents a common theme we are just beginning to understand.
Of note, recent studies show that nonsense-mediated decay (NMD) is also involved in regulating the expression and localization of proteins at the synapse (for a review on NMD, see Stalder and Muhlemann 2008; Rebbapragada and Lykke-Anderson 2009) . For instance, the exon junction complex (EJC) factor eIF4AIII regulates the dendritically localized protein Arc (activity-regulated cytoskeleton associated) to modulate glutamate receptor availability during synaptic plasticity (Giorgi et al. 2007) . Given that many transcripts are bioinformatically predicted to be natural targets of NMD (Giorgi et al. 2007) , it would be interesting to study the role this mechanism plays during axonal patterning and synapse formation. miRNA miRNA machinery and neuronal development miRNAs are short, ;20-to 24-nucleotide (nt) noncoding RNAs known to play vital roles in nervous system development, physiology, and disease (Bushati and Cohen 2007) . miRNAs regulate gene expression by complementary binding to target mRNA, most prominently in their 39UTR, and promoting RNA instability and/or inhibition of effective protein synthesis (Eulalio et al. 2008) . Briefly, miRNA biogenesis starts in the nucleus where the RNase III endonuclease Drosha and its binding partner pasha/ DGRC8 catalyze the first cleavage of the primary miRNA transcript. Then, the cytoplasmic RNase III Dicer generates the ;20-to 24-nt duplex that is subsequently loaded to the RNA-induced silencing complex (RISC) for mRNA recognition and suppression ( Fig. 4A ; Du and Zamore 2005) . Studies using maternal-zygotic or conditional mutants of Dicer revealed gross morphological defects in nervous system development (Giraldez et al. 2005; Cuellar et al. 2008; Davis et al. 2008) . Since then, tissuespecific inhibition of the miRNA pathway as well as depletion of individual miRNAs has shown with greater clarity the importance of miRNA in patterning neuronal connectivity. Notably, recent technologies using highthroughput sequencing of RNAs isolated from immunoprecipitation (HITS-CLIP), combined with bioinformatics, allow for a detailed map of functional mRNAmiRNA interactions that are certain to expand our understanding of miRNA regulation of nervous system development (Chi et al. 2009) .
A recent study using a MARCM-based forward genetic screen in Drosophila identified the miRNA processing proteins pasha/DGRC8 and Dicer1 as crucial components in the establishment of wiring specificity (Berdnik et al. 2008) . The fly olfactory system is characterized by highly stereotyped neuronal connections. Each projection neuron (PN) targets dendrites to a specific glomerulus in the antennal lobe and stereotypically sends axons to higher brain centers such as the lateral horn (LH) via the mushroom body calyx (MBC). Analysis of postmitotic single-and multiple-cell MARCM clones with homozygous mutations for pasha and dicer1 showed a drastic reduction in dendritic density at most glomeruli, as well as significant mistargeting of PN dendrites to their corresponding glomerulus ( Fig. 4B-D ; Berdnik et al. 2008 ). In addition, pasha and dicer1 mutants exhibited decreased growth and morphological abnormalities in axonal terminations of PN at both the MBCs and LHs. This study provided the first conclusive evidence that the miRNA pathway is necessary for organizing precise neural networks. Nevertheless, the specific miRNA responsible for this process remain to be identified.
Understanding miRNA regulation of synaptic connectivity
Interactions between miRNA and their targets are often classified as a ''switch,'' ''tuning,'' or ''neutral'' (Bartel and Chen 2004; Flynt and Lai 2008) . A ''switch'' interaction is characterized by a miRNA reducing the target protein activity to a negligible level. This differs from ''tuning'' interactions, which result in the fine modulation of target protein levels to an optimal range for a given physiological and/or developmental state. ''Neutral'' targets are usually species-specific interactions that have neither a positive nor negative effect on the cell. Analysis of dendrite and synapse formations has revealed that both miRNA ''tuning'' and ''switching'' mechanisms are involved in regulating proper synaptic connectivity.
During neuronal development, increases in dendritic arbor complexity have been shown to be an important determinant of synaptic number, size, and function. Transient depolarization, or exposure to neurotrophins, promotes this dendritic arbor morphogenesis (Wong and Ghosh 2002; Matsuzaki et al. 2004) . Recent studies have revealed the importance that neuron-enriched miR-132 and miR-134 have in the activity-regulated rapid response changes of dendritic elaboration (Vo et al. 2005; Wayman et al. 2008; Fiore et al. 2009 ). For example, activitydependent decrease of the Rho family GTPase-activating protein p250GAP by miR-132 has been shown to be responsible for the observed increase in dendritic complexity in hippocampal neurons (Wayman et al. 2008) . In a similar fashion, miR-134 regulates pumilio2, an RBP involved in mRNA transport and translational inhibition, to promote activity-dependent dendritic arbor plasticity ). Although analogous in phenotypic output, the miRNA-target interactions between miR-132-p250GAP and miR-134-pumilio2 are strikingly different. For example, miR-132 up-regulation or inhibition of p250GAP was sufficient to mimic the activity-induced increases in dendritic growth (Wayman et al. 2008) , suggesting that miR-132 acts as a regulatory ''switch'' and turns off p250GAP upon induction of neuronal activity. On the contrary, neither overexpression of miR-134 nor siRNA-mediated inhibition of pumilio2 in the presence or absence of an activity-inducing stimulus was able to increase dendritic complexity ). This indicates that ''tuning'' of pumilio2 by miR-134 is necessary for activity-dependent branch growth.
In addition to being involved in neuritic branch elaboration, miRNA have been shown recently to play an intricate role in dendritic spine development. In a seminal study, miR-134 was identified as a spine-enriched negative regulator of dendritic spine size through the compartmentalized ''tuning'' of Limk1, a regulator of actin filament dynamics (Schratt et al. 2006) . Translational repression of Limk1 was relieved by exposure to the neurotrophin BDNF, highlighting the functional versatility that miRNA introduce into a neural network by regulating de novo protein synthesis in an activity-dependent and spatially restricted fashion. Further analysis of synapse-enriched miRNA revealed another critical regulator of spine structure ). Inhibition of miR-138 showed significant increase in dendritic spine volume, whereas overexpression of miR-138 exhibited a striking decrease. miR-138 was found to regulate synapse formation by modulating the levels of acyl protein thioesterase 1 (APT1), an enzyme known to depalmitoylate synaptically localized proteins, including the a 13 subunits of G proteins (Ga 13 ). Notably, overexpression of Ga 13 was able to rescue the growth-promoting effects of miR-138 inhibition. Given that Ga 13 recruitment to the membrane activates the RhoA signaling pathway, it suggests that the spine-shrinking capacity of miR-138 is due to Rhomediated regulation of the actin cytoskeleton (Schratt 2009 ). These studies reveal an underlying trend in which the dendritic spine specifically uses miRNA to locally regulate morphology and function through the precise modulation of actin cytoskeletal dynamics.
Further evidence suggesting that miRNA control synapse morphogenesis through regulation of the actin cytoskeleton comes from recent studies of the Drosophila NMJ. Using a novel technology for tissue-specific silencing, it was shown that miR-8 strongly promotes NMJ growth by modulating the protein levels of Enabled (Ena), a regulator of actin dynamics, exclusively in the post-synaptic space, despite prominent expression of miR-8 and Ena on both sides of the synapse (Loya et al. 2009 ). This illustrates how miRNA can function tissuespecifically to regulate synapse development even when expressed across synaptic compartments. Additional studies on the Drosophila NMJ show that Let-7 is involved in regulating synapse maturation and growth (Caygill and Johnston 2008; Sokol et al. 2008 ) through the targeting of abrubt (ab), a nuclear protein known for its functions in NMJ targeting and dendritic arborization (Caygill and Johnston 2008) . Apart from regulation of NMJ morphology and maturation, miRNA have also been shown to control the physiological architecture of the synapse by modulating the abundance and availability of glutamate receptor (GluR) levels at post-synaptic sites (Karr et al. 2009 ).
Signaling between pre-and post-synaptic membranes is essential to coordinate synaptic morphogenesis, growth, and function in order to complement presynaptic input with the necessary post-synaptic output (Keshishian and Kim 2004) . In an elegant study of worm NMJs, the muscle-specific miR-1 was shown to regulate both postsynaptic sensitivity, by directly targeting subunits of the nicotinic AChR (nAChR), and presynaptic ACh release, through a MEF2-dependent retrograde signal mediated by the synaptic vesicle protein RAB-3 (Simon et al. 2008) . Acute activation of nAChRs was able to induce this MEF2-dependent retrograde response, suggesting that miR-1 functions to finely tune synaptic transmission by coupling changes in post-synaptic activity with modulation of presynaptic function. Further evidence of miRNA acting as regulatory nodes of trans-synaptic regulation comes from a recent study of dendritic scaling of Drosphila sensory neurons (Parrish et al. 2009 ). Following appropriate targeting and coverage of receptive fields, axonal and dendritic arbors need to increase in size proportional to their underlying substrate in order to ensure appropriate synaptic connectivity and coverage as the animal grows; this phenomena is known as dendritic scaling. Analysis of scaling growth in the Drosophila peripheral nervous system (PNS), shows that the miRNA bantam regulates growth inhibitory signals in peripheral sensory neurons from their underlying epithelia (Parrish et al. 2009 ). This study demonstrates clearly that bantam functions nonautonomously in epithelial cells by repressing the growth signal Akt in PNS sensory neurons and ensuring appropriate neurite expansion during animal growth (Parrish et al. 2009 ).
Although our knowledge of the role miRNAs play in synapse development increases rapidly, our understanding of the importance of individual miRNAs in axonal guidance is still quite primitive. To date, we know that the neuron-specific miR-338 locally regulates the protein levels of cytochrome c oxidase IV (COXIV) in the axons of sympathetic neurons, and consequently controls energy output during neuronal development (Aschrafi et al. 2008) . However, whether exposure to guidance cues is able to locally regulate protein levels at the growth cone and direct its navigation in a miRNA-dependent fashion is an exciting topic for future studies.
Conclusion
In summary, the diversity and specificity of neuronal connectivity is regulated extensively by a post-transcriptional toolkit composed of AS, the RNA transport machinery, and miRNAs. AS has shown how a single gene locus can give rise to a wide range of proteins with differential functional and structural properties that work in concert to enable growth cones to respond to intermediate targets, stereotype neuritic branch patterns, and differentiate synaptic connections. However, the mechanism regulating the inclusion or exclusion of certain isoforms in a given cell type or developmental time, as well as the mechanisms involved in transporting these specific variants to their sites of action, remain largely unknown.
Studies on neuronal transport RNPs have identified a series of well-conserved RBPs that recognize specific pools of mRNA and regulate their selective subcellular localization and local translation. It bears pointing out that most of the work described here was performed in primary tissue culture systems. Thus, new technologies able to visualize local protein synthesis (Leung and Holt 2008; Wang et al. 2009 ) in vivo will enable a more direct analysis of the role mRNA transport and localization play in nervous system development.
miRNA-mediated silencing has emerged as a highly versatile post-transcriptional mechanism able to modulate neuronal connectivity by acting as either a regulatory ''switch'' or ''rheostat'' of gene expression. It is interesting to note that both neuronal RNPs and miRNA pathways converge substantially on the direct regulation of cytoskeletal dynamics during growth cone navigation and/or development of synaptic structure and function, alluding to a multilevel regulatory mechanism. Recent biochemical and genetic studies have implied that components of the neuronal transport granule, like FMRP and Staufen, interact with elements of the miRNA pathway such as Argonaute and Dicer proteins (Caudy et al. 2002; Ishizuka et al. 2002; Jin et al. 2004; Barbee et al. 2006) . However, future studies are necessary to directly assess the role of the neuronal transport granule and the function of specific miRNA during nervous system development. Conversely, during neuronal differentiation, miR-124 has been shown to target PTB protein 1/2 (PTBP1/2), and regulate the switch between nonneuronal and neuronal AS (Makeyev and Maniatis 2008) . Hence, a greater understanding of how this post-transcriptional toolkit interacts with each other to assemble neural networks is an exciting new frontier for neurobiology.
